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Degree Ph.D. Program Materials Science________________________________

Name of Candidate Rebecca Shumate O’Connor Davis___________________________
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Title Electrolytic Deposition of Calcium Phosphates on Modified Titanium Substrates 

Orthopedic and dental implants are often coated with calcium phosphate (CaP) to 

promote better bonding between bone and implant. Plasma spraying is used for most CaP 

coatings, although these coatings can fail due to high internal stresses created by the ther

mal mismatch. The high temperatures reached in plasma spraying also causes multiple 

CaP phases to occur within the coating, leading to areas of the coating being resorbed 

more quickly than others. Other coating techniques have been developed to overcome 

these limitations of plasma spraying and to improve overall CaP coating performance.

Electrolytic deposition (ELD) is a novel technique that has shown promise as a 

low temperature alternative. ELD is a non-line-of-sight technique capable of depositing 

thin CaP coatings. The coating deposition can be controlled by adjustment o f the current, 

temperature, bath composition, and pH.

The objective of this research was to develop a system using ELD to deposit CaP 

coatings of desired solubilities on commercially pure titanium with good bond strengths. 

The titanium was either passivated nitric acid (NPAS) or treated further with phosphoric 

acid (PMOD) to determine if  the surface chemistry change improved ELD or coating 

bond strength. A resorbable CaP composed of predominantly octacalcium phosphate 

(OCP) and hydroxylapatite (HA) was deposited using a constant current applied through 

an unbuffered CaP electrolyte at 37°C. The bath chemistry was adjusted using the Gibb’s

iii
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free energy calculated from the solubility isotherms of the CaP system to deposit HA. A 

square wave was used to apply the ELD HA coatings. ELD HA and sintered HA pellets 

were incubated in biological saline over a 14 day period and were found to draw Ca and 

P from solution onto the surfaces. Both the ELD resorbable CaP and ELD HA coatings 

had high bond strengths to the substrates, regardless of surface treatment. The ELD HA 

coatings were seeded with human mesenchymal stem cells (MSC) with and without se

rum present. MSC required serum for the cells to spread on all surfaces. Cell spreading 

occurred within the first hour, and cytoskeleton and actin fibers were visible at 24 hours. 

ELD of CaP shows promise as an affordable, low-temperature process for further devel

opment toward use as a coating technique for biomedical implants.
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1

INTRODUCTION 

Calcium Phosphates

Calcium phosphates (CaP) are biocompatible, surface-reactive ceramics that can 

attach to bone directly through bioactive fixation.1 CaP have been used as coatings for 

approximately 20 years in dentistry and orthopedics, exploiting the chemical properties of 

the ceramic in combination with the mechanical properties of the substrate.2'4 CaP coat

ings have been shown to facilitate early bone integration for implants, as well as exhibit 

osteoconductive properties in stable and unstable mechanical conditions.5'9 It has been 

found that the strength of CaP coatings is improved at a thickness under 100 pm.10 Im

plants with CaP coatings in the range of 20-50 pm and as thin as 2-4 pm still show im

proved bone apposition compared to other non-coated cementless implants.10,11 The 

bonding mechanism between the coating and bone involves a sequence of reactions that 

include dissolution, precipitation, and ion exchange leading to conversion of the CaP to 

biological apatite.12"14

The chemical properties of CaP depend on both the temperature and the degree of 

hydration in either processing or the final environment. Solubility isotherms can predict 

the phase of CaP to be formed in a given set of conditions.15,16 Table 1 is a listing of bio

logically relevant CaP phases and their relative solubilities. There are two stable phases 

in the body environment: dicalcium phosphate dihydrate, DCPD, (CaHP04*2H20 ) and 

hydroxylapatite, HA, (Cai0(PO4)6(OH)2). Tricalcium (Ca3(P04)2) and tetracalcium 

(Ca4(P04)20 ) phosphates (TCP and TTCP, respectively) are stable at higher tempera-
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tures, but degrade when placed in an aqueous environment. Octacalcium phosphate 

(OCP) is metastable in the biological environment and has been proposed to occur as a 

precursor to HA in precipitation reactions.1718

TABLE 1. Listing of common calcium phosphates and relative CaP solubilites

Crystalline Phase Stoichiometry Molar
Ca:P Crystal structure i<r 19

Dicalcium phosphate 
dihydrate 

(DCPD, brushite)

CaHP04-2H20 1.00 Monoclinic 2.39 x 10'7

Dicalcium phosphate 
anhydrate 

(DCPA, monetite)

CaHP04 1.00 Triclinic

Octacalcium phosphate 
(OCP)

Ca8H2(P04)6-5H20 1.33 Triclinic 1.05 x 10-47

Tricalcium phosphate 
(TCP)

Ca3(P04)2 1.50 a- Monoclinic 
P- Rhombohedral

2.83 x IO-30

Hydroxylapatite
(HA)

Ca10(PO4)6(OH)2 1.67 Hexagonal 3.37 x 10~58

Tetracalcium phosphate 
(TTCP)

Ca4(P04)20 2.00 Monoclinic

Solubility of CaP phases, in increasing order 
__________________ H A «  p-TCP< q-TCP< TTCP«DCPD 11319

Several studies have demonstrated the conversion of DCPD, OCP, or TCP to HA 

by exposure to heat and/or aqueous solutions containing Ca and P as well as other

12 13 18 20 24ions. ’ ’ ' " As mentioned previously, CaP can undergo dynamic changes with the 

biological environment to form HA, the most thermodynamically stable CaP. TCP con

verts to HA through the addition of water, as shown in equation ( l) .1

(1) 4Ca3(P04)2 (solid) + 2H20  -> Cai0(PO4)6(OH)2 (surface) + 2Ca2+ + 2HP042'

(2) H P042~ + 2H20  H3PO4 + 2 0 H
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The reaction in equation 1 causes an increase in the pH of the surrounding environment 

due to equation 2, which in turn increases the solubility of the TCP and enhances resorp

tion, 1,21,23 as well as further precipitation and ion exchange.12'14

Processing

Plasma Sprayed Calcium Phosphate Coating 

Plasma spraying (PS) is the most widely used technique for applying CaP coat

ings; it is a line of sight, cost-effective process that is the industrial standard for applying 

many coatings.3,25'28 PS is a high temperature, low velocity technique having values 

around 2900°C and 150-180 m/s, respectively. The powder is thermally energetic when 

sprayed, followed by a mechanically energetic period when the molten ceramic impacts 

the target resulting in a minimum thickness of 30 to 40 pm.29

The goal of coated biomedical implants is to optimize the dissolution of the ce

ramic coatings such that its strength and longevity enable bony ingrowth and, therefore, 

implant stability. In PS, CaP powder undergoes lattice distortion and forms coatings hav

ing residual stresses and secondary phases, predominantly a  and P-TCP, with smaller 

amounts o f amorphous CaP and calcium titanate. ’ ’ ‘ These changes contribute to po

rosity, low fatigue strength, and weak mechanical adherence of the coating to the metallic 

substrates.32 The residual stress, porosity, and the CaP phases produced in the PS coating 

are important factors that can influence coating dissolution rates, as seen in Table 2.1,33

To decrease solubility, most PS coatings are subjected to a post deposition heat 

treatment which improves the crystallinity and homogeneity of phases present.31 Charac

terization of PS coatings becomes complicated by amorphous phases and can give inac-
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TABLE 2. Summary of factors influencing dissolution rate of ceramic coatings

______ Increase dissolution rates________________Decrease dissolution rates_________
Increase in surface area Substitution of F  for OH' in HA
Decrease in crystallinity Substitution of Mg2+ for Ca2+ in P-TCP
Decrease of crystal perfection Greater presence of HA in coating
Decrease of crystal and grain size_____________________________________________

curate conclusions about phase identification.28 During heat treatment between 630- 

1000°C, the grain size increases. At 800°C and above, HA transforms to a-TCP, p-TCP, 

tetracalcium monoxide diphosphate which leads to increased surface roughness.34 Heat 

treatment conditions that maximize crystallinity and minimize secondary or less desirable 

phases of HA coatings do not occur at the same temperature.35 This difference makes ob

taining a PS CaP coating of both high crystallinity and phase purity difficult.

Alternate Coating Techniques 

Other coating methods have been explored in an attempt to overcome the limita

tions of coating thickness, poor crystallinity, and multiple phases that result from plasma 

spraying. These include sputtering, pulsed laser deposition, immersion techniques, and 

electrodeposition. These thin-coating technologies may offer solutions to the problems 

incurred by PS CaP coatings.29 High vacuum techniques, such as ion beam sputtering and 

RF magnetron sputtering, can also be used to produce CaP coatings but may still require 

post-deposition heat treatment to obtain a more homogeneous and stable CaP phase such 

as HA. 36-39 Pulsed laser deposition is an evaporative process capable of depositing CaP 

coatings with variable surface roughness. As-deposited CaP coatings obtained by pulsed 

laser deposition contain amorphous phases and require post treatment to improve crystal

linity.40 Immersion techniques have been shown to yield a bioactive CaP layer that does
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not obstruct pores in porous titanium surfaces.41,42 However, time-consuming CaP depo

sition can result from extended induction times for precipitation.43

Electrodeposition of CaP from solution on titanium substrates offers an alternative 

method of thin coating preparation for biomedical implants. Unlike line-of-sight tech

niques, such as plasma spraying or sputtering, CaP deposition from aqueous solutions 

allows uniform coating of complex implant geometries.44 Electrodeposition can be di

vided into two deposition techniques: electrophoretic deposition and electrolytic deposi

tion.

Electrophoretic Deposition

Electrophoretic deposition is achieved via motion of charged particles towards an 

electrode under applied electric field. Submicron HA powder is prepared via chemical 

precipitation and added to an electrochemical bath. It has been found that water interferes 

with electrophoretic transport, and, therefore, electrophoretic deposition of non-calcined 

HA powders.45,46 Due to this, most electrophoretic deposition studies have found success 

in nonaqueous media.45'48 This type of deposition limits itself in that it is highly depend

ent upon materials and process variables such as particle size and agitation of the bath.

Electrolytic Deposition

Unlike electrophoretic deposition, electrolytic deposition (ELD) drives ions out of 

solution to form coatings. Metal ions or complexes are hydrolyzed by an electro

generated base in ELD to form oxide or hydroxide films on the cathodic substrate.46 Spe

cifically for CaP deposition in aqueous solutions, water molecules are reduced to form H2
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gas and OH' at the cathode, enabling reaction with the Ca2+ and HPO4" ions in the electro

lyte as illustrated in the following possible reactions.49'51

(3) 2H20  + 2e' -> H2 + 2(OH)‘

(4) 3Ca2+ + 2HP042" + 20H ' Ca3(P04)2 + 2H20

Shirkhanzadeh has had much success with using this method to deposit ceramic coatings 

on conductive substrates.49’52'54 It has been illustrated that by using a simple electrolytic 

bath, it is possible to deposit single phase CaP coatings, yet some post treatment was re

quired to convert to HA.53,54

Substrate Modification 

Surface modifications have been performed on titanium substrates to alter the na

tive oxide layer, T i02 (rutile). Implant surfaces have been pretreated with self-assembled 

monolayers containing carboxylate or phosphate head groups to reduce the induction 

times for CaP precipitation in immersion techniques.55 These head groups were shown to 

accelerate the induction of CaP deposition.56 This can become an expensive and/or com

plicated intermediate step. Alternately, it has been found that exposing titanium to differ

ent environments, including combinations of nitric and phosphoric acids and steam, af

fected the tenacious oxide layer inherent to the material. Surface changes included 

roughness as well as presence of phosphate and carbon in the oxide.57'59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7

Coating Performance

Coating Adhesion

There is a need for improved bonding between the metallic substrates and PS CaP 

coatings for long term stability; coatings need to transfer load from the bone to the under

lying metal substrate. The stability of the implant is influenced by the nature of the sur

face and the phases present.31 As bony ingrowth occurs, the bond strength of the coating 

with the bone exceeds that with the substrate. The CaP coated implants then fail at the 

substrate/coating interface; this interface needs to be protected due to its weakness in 

shear loading.60,61

Other coating techniques have been investigated in an attempt to improve on bond 

strengths for plasma sprayed coatings. Zeng found pulsed laser deposited CaP coating to 

have bond strengths of31.1± 13.1 MPa on titanium polished to 600 grit.40 Using ion

39beam sputter deposition, Rigney reported strengths ranging from 8.67 to 47.28 MPa. 

Kumar et al. reported values of less than 0.7 MPa for ELD brushite coatings, citing fail

ure within the ceramic.62 Han reported values as high as 14 MPa for an electrodeposited 

CaP coating.63 While some of the techniques are comparable to the reported values for 

plasma spraying, 30.25 ± 1.72 MPa,64 none are decisively stronger.

Cell Adhesion

In vivo processes occur at microscopic and chemical levels where differences in 

the crystallinity, chemistry, and morphology of the coating structure are important. Apa

tite has been discovered to form on pure gel-silica soaked in simulated body fluid.65,66 

One study found that a silica hydrogel on the surface induced apatite formation in simu-
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lated body fluid. After nuclei formed, they grew in a spherulitic form by consuming Ca2+ 

and P 0 43' ions from the fluid. Results indicated silanol groups on surface accelerated apa

tite nucleation.66 Apatite has also formed on titanium in simulated body fluid. It is as

sumed that Ti(OH)4 groups on the surface attract calcium and phosphate from the body

fnfluid and form apatite in parallel with the wound healing process.

A goal for implant success is to optimize the dissolution of ceramic coatings such 

that the strength and longevity of the coating benefit bony ingrowth and implant stability. 

Improved bonding with bone is an important factor for non-cemented orthopaedic and 

dental implant performance. While this has been achieved with coated implants, the exact 

mechanisms that control the bonding are still under investigation. It is felt by some that 

cell adhesion may be a key step in understanding the bone adhesive properties of bio

medical implants.68"71 Cell adhesive proteins, such as fibronectin and vitronectin, are pre

sent in blood which coats implants upon insertion into bone. Integrins contribute to bind

ing cells to extracellular proteins like fibronectin and vitronectin. In a study by Kilpadi et 

ah, it was found that bulk HA had greater adhesion of fibronectin and vitronectin, puri-

72fied integrins, and osteoblast precursor cells than titanium and 316L stainless steel. This 

adhesion may provide an explanation for the interfacial bond and direct apposition of 

CaP with bone.

Proposed Study

Electrochemical deposition provides a low temperature method of applying cal

cium phosphate with controlled crystal structure on titanium substrates. In multiple publi

cations,49'54 it has been shown that calcium phosphate can be directly deposited on the 

surface from an electrolytic solution, but there has been little investigation of the ELD
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coating bond strength. From solubility curves, it is found that DCPD/DCPA is the stable

•  18CaP phase in more acidic solutions, while HA is stable in neutral to basic solutions. 

Combining this information with the control available with the ELD process, this re

search has been designed to explore the feasibility o f electrolytically depositing biologi

cally active CaP on titanium substrates. Based on the literature, exposing the titanium in a 

solution of phosphoric acid will modify the surface of the substrates. It is hypothesized 

that the modified surface will provide attachment sites in the form of phosphate groups 

that will enable the formation of a stronger bond between the substrate surface and the 

deposited ceramic coating, improving the bond strength of the applied coating.

The objective of this study was to develop a method to apply a biocompatible CaP 

coating of desired solubility and integrity on acid etched titanium with a strong bond to 

the substrate.

Specific Aims

1. Electrodeposit a resorbable calcium phosphate coating on modified titanium sub

strates using constant current techniques and an unbuffered electrolyte.

a. Fabricate a CaP coating on Ti substrates with either NPAS or PMOD 

treatment.

b. Ascertain crystal structure and coverage.

c. Measure bond strength.

d. Quantify the amounts of elements released from coating in a biological sa

line.
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2. Electrodeposit a nonresorbable coating on modified titanium substrates in an un

buffered CaP electrolyte.

a. Fabricate a hydroxylapatite coating on Ti substrates with either NPAS or 

PMOD treatment.

b. Ascertain crystal structure and coverage.

c. Measure bond strength.

3. Determine biocompatibility of ELD HA coated samples compared to uncoated Ti 

substrates and sintered HA pellets.

a. Quantitatively compare the elements released by ELD HA and Ti to those 

released by sintered HA pellets in a biological saline.

b. Characterize the properties of the surfaces post exposure to biological sa

line solution.

c. Compare the cell morphology of osteoprogenitor cells on the different sur

faces.

4. Demonstrate control of the electrolytic deposition system to deposit desired CaP coat

ing.

a. Develop an understanding of the electrolytic deposition of CaP using an 

unbuffered CaP containing electrolyte.

b. Determine effects of adj usting pH, ion concentration, and applied current 

density on CaP deposition.

c. Utilize thermodynamics, kinetics, and deposition parameters to optimize 

interface chemistry for desired CaP deposition.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11

ELECTROLYTIC DEPOSITION OF A RESORBABLE CALCIUM PHOSPHATE
COATING

by

REBECCA SHUMATE O’CONNOR DAVIS, RAMAKRISHNA VENUGOPALAN,
AND GREGG M. JANOWSKI

In preparation for Journal o f Biomedical Materials Research Part B: Applied
Biomaterials

Format adapted for dissertation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

ABSTRACT

The purpose of this study was to deposit a resorbable calcium phosphate (CaP) 

using electrolytic deposition (ELD) on commercially pure titanium (cpTi) substrates, ei

ther passivated with nitric acid (NPAS) or treated further and pickled with phosphoric 

acid (PMOD) prior to ELD. The ELD process was optimized to deposit a continuous CaP 

coating that consisted of mostly octacalcium phosphate (OCP) and hydroxylapatite (HA). 

The coatings were deposited at 37°C and examined using SEM, EDS, XRD, XPS, FTIR, 

and coating bond strength testing. Solubility of the coatings was investigated over a 14 

day incubation period at 37°C in Earle’s Balanced Salt Solution (EBSS) and ion content 

was measured using ICP. The CaP was determined to be resorbable in that it released Ca 

and P into the EBSS over the 14 day period. The cpTi surface treatments had no detect

able effect on the final ELD CaP coating. ELD CaP had high bond strength to the cpTi, 

approaching values above the rating limits for the system (PMOD = 80.11 ± 5.87 MPa, 

n = 6 and NPAS = 69.43 ± 12.17 MPa, n = 8). ELD is an easily controllable system 

capable of consistently depositing continuous, resorbable CaP at low temperatures.

INTRODUCTION

Calcium phosphates (CaP) have been used in orthopedic and dental devices for 

over 20 years. When used as a coating, CaP provides an osteoconductive surface that 

pairs with the mechanical strength of the underlying metal to give an implant that pro

vides improved functionality.1'5 The coating protects the biological environment from 

metal ion release o f the substrate and has been shown to form a direct bond with bone.6,7
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The CaP coating’s chemical bond and subsequent direct apposition with bone allows 

transfer of the load to the metal substrate.

The most relevant CaP phases in the biological environment include hydroxylapa- 

tite (HA, Caio(P04)6(OH)2), octacalcium phosphate (OCP, Ca8H2(P04)6*5H20), dical

cium phosphate anhydrous (monetite, DCPA, CaHP04), dicalcium phosphate dihydrate 

(brushite, DCPD, CaHP04*2H20), tricalcium phosphate (a- and P-TCP, Ca3(P04)2), and 

tetracaicium phosphate (TTCP, Ca4P2 0 9 ). Each of these phases has a different crystal 

structure, morphology, molar ratio, degree of hydration, and solubility, which give rise to 

differing behavior in the biological environment.8,9 The solubility of the CaP relative to 

the biological environment leads to the classification as either being resorbable or nonre- 

sorbable.

CaP and the biological environment form a dynamic system with the coating act

ing as a source, or sink, for ions, which in turn can change the phases. Some CaP phases 

are resorbed and/or completely transformed while in the body due to the pH and ions pre

sent in the biological environment.9'11 The CaP solubility isotherms show that DCPA and 

DCPD are the stable phases in more acidic environments (pH < 4). OCP is stable at 

higher temperatures in neutral pH but at lower temperatures will form HA, the most 

thermodynamically stable phase over neutral to basic pH values.12,13 DCPA, DCPD, and 

OCP are metastable phases in the biological environment and are known precursors that 

can convert through hydration and ion exchange to form HA. Physicochemical dissolu

tion, ion substitution, and precipitation reactions take place simultaneously between the 

CaP and surrounding environment driven by factors such as an increased pH, availability 

of ions (Ca2+, P 0 43', OH', etc.), and temperature.8' 12,1416
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Most commercially available CaP coatings are applied by plasma spraying.

Plasma spraying is a high temperature, high energy process that melts the ceramic pow

der and impacts it on the metal substrate where it cools on contact, forming a mechanical 

bond with the substrate. The high temperature and rapid cooling result in areas of amor

phous coating, which are highly soluble. Additionally, the large thermal mismatch of the 

ceramic and the metal causes internal stresses in the coating that can result in spallation. 

Plasma sprayed coatings are typically subjected to a post-heat treatment to minimize both 

of these effects.6,17-19

Electrolytic deposition (ELD) is a promising technique that can overcome these 

thermal issues of plasma sprayed coatings. ELD uses the simple chemical process of hy

drolysis of metal ions, or complexes, to deposit CaP on metallic substrates at low tem

peratures by driving ions out of solution. It is a non-line-of-sight process and lends itself 

well to the complex geometries of orthopedic and dental implants. There has been suc

cess in depositing CaP on titanium using ELD at temperatures well below those used for 

plasma spraying.16,20"23 The ELD coating composition and thickness can be controlled by 

adjusting the deposition time, applied current, temperature, and/or bath chemistry.

The focus of this study was to fabricate a resorbable CaP coating on titanium sub

strates by applying the basic principles of the CaP solubility isotherms to ELD. These 

titanium substrates were treated with different acids to investigate the effects o f surface 

chemistry on the resulting coating in terms of morphology, crystallinity, phase composi

tion, bond strength, and solubility.
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MATERIALS AND METHODS 

Fabrication

Unalloyed titanium disks, commercial purity, grade 2, ( 0  = 16 mm) were wet 

ground through 600 grit SiC paper. The disks were then cleaned and passivated per 

ASTM F86 guidelines by sonicating in acetone, distilled water, ethanol, and distilled wa

ter, and soaking in 30% nitric acid for 20 minutes. Half of the substrates were treated fur

ther by immersion in 30% phosphoric acid for 20 minutes (PMOD). Those not treated in 

phosphoric acid will be referred to as NPAS.

A bath with 6.10xl0'4 M concentration of Ca2+ and 6.10xl0'4 M concentration of 

P 0 43’ was formulated to deposit the acidic phosphate phases, dicalcium phosphate anhy

drous (monetite, DCPA) and dicalcium phosphate dihydrate (brushite, DCPD), based 

upon solubility isotherms of CaP. The bath was composed of NaCl, CaCl2, and KH2P 04 

(reagent grade), with an ionic strength of 0.15 M. The starting bath pH was adjusted to 

4.0 ± 0.1 using HC1. A new bath was used for each coating deposition.

All experiments were performed in double-walled glass vessels at 37°C and 

purged with humidified nitrogen to remove oxygen and deter CaC03 formation. A Hew

lett Packard 6633A System DC power supply was connected to the titanium substrate 

(cathode) and a Pt/Nb wire mesh (anode). Figure 1 is a schematic of the deposition sys

tem. A constant current density was maintained for 2 h. Bath temperature and pH were 

measured before and after deposition to monitor consistency. The coated substrates were 

then rinsed with distilled water and ethanol, dried with a heat gun on low setting, and 

stored in a desiccator until further analysis.
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Depositions were performed on NPAS and PMOD substrates for the preliminary 

studies at the following current densities: 100,150, 200, 250, and 300 mA/cm2. A current 

density of 150 mA/cm2 was the optimum deposition current density based on coating uni

formity and continuity and was used for the remaining experiments. Mass was recorded 

before and after coating deposition to estimate coating thickness.

Characterization

X-ray Diffraction

A Siemens D500 diffractometer was used to identify the calcium phosphate phase 

in the coating. The scans used a 0.02 ° 20 step size for 6 s/step over a 15-90° 20 range 

and a CuKa radiation source (40 keV, 25 mA). The scans were compared with Interna

tional Centre for Diffraction Data (ICDD) files.

Scanning Electron Microscopy/ Electron Dispersive Spectroscopy 

SEM was used to examine morphology of the substrates and coated disks (both 

NPAS and PMOD) using a Phillips 515 SEM with an accelerating voltage of 30 keV. The 

coated samples were cleaned in methanol before sputter coating with gold for analysis. 

EDS was also performed using a 500X scan area, standardless quantification methods, 

and used 15 keV to quantify the Ca to P molar ratio.

X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy was performed at the Surface Analysis Labora

tory at the University of Alabama with a Kratos AXIS 165 Multitechnique Electron Spec
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trometer using a monochromatic A1 (1487 eV) x-ray source that penetrated less than 5 nm 

into the surface. High-resolution scans were performed at 40 eV for 3 samples o f each of 

the following groups: uncoated NPAS, uncoated PMOD, coated NPAS, and coated 

PMOD. Curve fitting of spectra was performed using Spectral Data Processor v3.0.

Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was performed at the Center for 

Advanced Materials at Tuskegee University. Samples were examined using a Nicolet 

Nexus 470 FT-IR operated in reflectance mode. The spectra were collected using 64 

scans from 4000 to 400 cm’1 with 4 cm'1 resolution.

Bond strength

Epoxy coated studs were affixed to the coatings, and the normal stress required to 

detach the stud from the sample surface was measured. Studs were affixed with a clamp 

and cured for 1 h at 150°C to ensure mounting perpendicular to the surface. After cool

ing, the samples were tested using the Sebastian Five Strength Tester (Quad Group). 

Samples were loaded at a rate of 5 kg/s. After testing, samples and studs were visually 

inspected using stereomicroscopy as well as SEM/EDS and XPS to determine area of 

failure.

Solubility

CaP coated NPAS and PMOD disks were covered with 1 mL of Earle’s Balanced 

Salt Solution (EBSS, part number E3024, Sigma) and placed in an incubator at 37°C with
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5% CO2 flow. Ion content was measured at 1 h, 24 h, and at days 2, 3, 5, 7, 10, and 14, 

using Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP, CV3300, Perkin 

Elmer). The solution was replaced at each time period with fresh EBSS. Wells without 

samples were filled with EBSS and used as controls to adjust for possible evaporation.

RESULTS AND DISCUSSION 

Substrate Treatment

The titanium disks were characterized after the different acid surface treatments 

using SEM, EDS, XRD, and XPS. The acid treatments did alter the surface of the NPAS 

and PMOD titanium substrates. As was expected, phosphorous was detected by XPS on 

the uncoated PMOD substrates, and none was found on the uncoated NPAS. There were 

no other measurable differences found using the other characterization techniques. SEM 

revealed no comparable differences in surface morphologies while only titanium and ni

trogen were detected for both NPAS and PMOD treatments by EDS. The spectra col

lected using XRD were identical for both surface treatments.

Coating Process

The coatings fabricated in preliminary studies were visually inspected using a 

stereoscope to determine the current density that yielded the best coating coverage. Based 

on these inspections, 150 mA/cm2 was found to be the optimum current density for depo

sition of the CaP coating; CaP deposited at 150 mA/cm2 appeared continuous. Coatings 

deposited on both NPAS and PMOD substrates below this current density had discon

tinuous coverage, while those formed at higher currents showed evidence of localized
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spalling due to the increased H2 gas evolution. Figure 2 shows typical CaP coatings from 

the different current densities.

Coated samples were sonicated in methanol for approximately 2 min to investi

gate the early stages of the coating process. Figure 3 illustrates that this process eradi

cated most of the coating, but made the nucleation sites on the substrate surface visible. 

There was good adhesion since coating was still present on the substrate surface after 

sonication for both treatments. More nucleation sites were found on the PMOD surface 

than the NPAS substrate.

Preliminary samples coated at 100 mA/cm2 were then examined without sonica

tion. It was found on these preliminary samples with discontinuous coatings that there 

was more coating present, as well as greater definition of crystal structure on the CaP 

coated PMOD substrate than the CaP coated NPAS substrate. These findings are consis

tent with the nucleation site observations on the sonicated samples. Such distinctions 

were not as evident on the continuous coatings deposited at 150 mA/cm2, as seen in Fig

ure 4. The coatings deposited at 150 mA/cm2 had very similar crystal definition and con

tinuity for both substrate treatments.

Samples mounted in cross section revealed a continuous ridge of dense coating 

(10-15 pm) with areas of small and large grains up to 10 pm in size growing upward 

from the substrate. Representative images of the coatings in cross section are shown in 

Figure 5.

The change in sample mass during deposition was used to calculate the coating 

thickness. Coating thickness was estimated to be 13 pm on all of the coated substrates
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deposited at 150 mA/cm2 for 2 h. This value corresponds with the coating thickness ob

served in Figure 5.

Coating Characterization

XRD was performed on the CaP coatings to determine the phase(s) present in the 

deposited coatings and what effects the underlying surface treatments had on the phases. 

The ELD CaP coated NPAS and PMOD substrates had similar XRD spectra. Figure 6 is a 

representative scan of PMOD and NPAS coated disks; the two scans were indistinguish

able. The scans were compared with ICDD files (Figure 7). There was a notable shift be

tween ICDD files and the collected spectra. This was especially evident for Ti, which had 

the greatest intensity for the (100) peak. The CaP coating best matched OCP (ICDD 26- 

1056) and HA (ICDD 9-432), with Ti peaks (ICDD5-682) detected. There was little or no 

correlation with the ICDD file for DCPD (9-77) for coatings on either substrate treat

ment, missing the four highest peaks from the card file.

CaP coated NPAS and PMOD substrates were analyzed using EDS to determine 

the molar ratio of calcium to phosphorous. Data obtained from the coating surfaces indi

cate values that support the combined presence of OCP (Ca:P = 1.33) and HA (Ca:P = 

1.67): ELD CaP coated NPAS = 1.46 ± 0.017, and ELD CaP coated PMOD = 1.46 ±

0.027, not a statistically significant difference. A higher Ca:P ratio was noted on the CaP 

coating surface using XPS: CaP coated NPAS = 1.85 ± 0.06, and CaP coated PMOD = 

1.72 ±0.12, not a statistically significant difference.

Survey scans using XPS indicated the presence of carbon on the surfaces of all of 

the disks. Analysis of a high-resolution scan of a CaP coated substrate showed it to be
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predominantly in the form of adventitious carbon with some carbonate presence. No tita

nium was detected on the high-resolution scans of the coated samples, again supporting 

the presence of a continuous coating, as was indicated previously with microscopy.

FTIR was performed on the coatings to determine the CaP phases present. The as- 

collected spectra did not give a clear determination of HA or OCP. The spectra were cor

rected adapting a procedure outlined by Gadaleta et al. by adjusting the baseline between 

800 and 1300 cm'1 and taking the second derivative to identify peaks.24 This was per

formed using the automatic presets in OMNIC 6.0a software by Thermo Nicolet. There 

were many of the vibration peaks for P 0 43" visible which were compared to those given 

in publications.14’24,25 However, there were no defining P 0 43 peaks that could distinguish 

the spectra as any particular CaP phase. Peaks associated with OH' were not seen; hy

droxyl groups are present in both OCP and HA. The absence of peaks in the spectra for 

ELD coating is most likely a result of the testing technique. The spectra were obtained in 

reflectance mode, where the as-deposited coatings were placed directly on the KBr win

dow. The roughness of the sample surface can affect the spectra and hide certain peaks. 

Commercially available HA (Fisher) was pressed into pellet form, and sintered and 

scanned on FTIR following procedure used for the ELD CaP coatings. Again, no OH' 

peak was detected, supporting the aforementioned surface roughness effect.

Bath temperature was maintained at 37°C for the duration of the deposition, but 

pH changed from 4.0 ±0.1 at the start to 7.7 ±0.1 after deposition. The starting bath was 

formulated to deposit DCPD and was under saturated for OCP and HA. DCPD becomes 

unstable at higher pH with respect to both OCP and HA. As the CaP coating was depos

ited, the higher pH would convert the DCPD through the hydrolysis reactions at the cath-
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ode and/or deposit other phases of CaP stable at higher pH values, including OCP and 

HA.

Bond Strength Testing

Bond strengths of all coatings were tested, including those from the preliminary 

studies and are included in the graph in Figure 8. The epoxy is reported by Quad Group 

to have strength of ~ 69 MPa, which is the upper limit of this bond strength quantifica

tion. Uncoated substrates were measured as a baseline comparison. The average bond 

strengths for the uncoated substrates were 86.25 ± 4.39 MPa, n = 8 for NPAS and 83.03 ± 

7.80 MPa, n = 8 for PMOD. All averages from CaP coated disks were near or above the 

rated epoxy strength. The mean strength for CaP coated PMOD substrates was higher 

than that for NPAS deposited at 150 mA/cm2 (80.11 ± 5.87 MPa, n = 6 and 69.43 ± 12.17 

MPa, n = 8, respectively), but the difference was not statistically significant (t-test, p >

0.05). Failure occurred between the coating and substrate or the epoxy and the stud for 

the coated samples. Figure 9 is representative of the surface and corresponding stud after 

the adhesion test. There was no evidence of failure within the coating; XPS of the failure 

areas only detected titanium or epoxy.

Due to the high bond strength values of the CaP coatings, thicker coatings were 

deposited using doubled time, doubled initial calcium and phosphorous concentrations, 

and maintaining all other starting deposition conditions. The bond strength values greatly 

decreased for both NPAS and PMOD (17.09 ± 6.96 MPa, n = 3 and 16.48 ± 3.61 MPa, n 

= 2 respectively). Figure 10 compares the adhesion values for coatings deposited at 150 

mA. The coatings deposited for 4 h were difficult to handle and were susceptible to
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spalling. Failures of the 4-hour deposition specimens were consistently within the coat

ings. Table 1 compares the bond strengths measured for different CaP coating depositions 

on titanium substrates using similar testing methods. Published values were all lower than 

those obtained in this study.16,26'28

TABLE 1. Comparison of coating adhesion values

Coating Method Bond Strength (MPa)
ELD CaP 150 mA/cm2 NPAS 69.43 ± 12.17

PMOD 80.11 ±5.87
Electrodeposition16 <0.7
Ion Beam Sputter Deposition 26 47.28 - 8.67
Pulsed Laser Deposition 27 600 grit 31.1 ± 13.1

Polished 12.1 ± 5.3
Electrodeposition28 14
Plasma Spray 28 ~ 30

Solubility in Earl’s Balanced Salt Solution

Coated disks were immersed in EBSS to determine whether the CaP coatings 

were soluble as a predicative indicator of behavior in a biological environment. ELD 

coatings released calcium and phosphorous into solution over the 14 day period. Coated 

NPAS and PMOD dissolution rates were indistinguishable. Figure 11 illustrates the cu

mulative release of calcium and phosphorous into the solute as compared to control 

EBSS. This result was supported by loss of coating continuity observed over the time pe

riod. Areas of coating loss were characterized by grains with pronounced needle-like 

shells, shown in Figure 12, replacing the as-deposited structure in Figure 4. The release 

of Ca and P ions in the process of physicochemical dissolution and reprecipitation have 

been related to the early stages involved in the steps leading to CaP adhesion with bone.10
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The change in the CaP coating was reflected in EDS values after the 14 day pe

riod. The Ca:P decreased for both surface treatments: NPAS CaP = 1.23 ± 0.22 and 

PMOD CaP = 1.27 ± 0.15. There was no statistical difference between the two treatments 

for the EDS values. XRD of these surfaces in Figure 13 revealed that surface treatment 

still had no effect on the coating and echoed the loss of crystallinity observed in the im

ages.

CONCLUSIONS

1. CaP coatings were deposited on NPAS and PMOD titanium substrates using ELD.

2. Coatings were consistently CaP predominantly composed of OCP and FLA on both 

substrates using XRD. This was supported by EDS and XPS.

3. System was easily optimized for coating deposition by adjusting parameters.

4. Differences between substrate treatments were minimal at the current level of charac

terization. Phosphorous was detected on the surfaces of uncoated PMOD substrates 

using XPS, yet there were no discemable differences in the final coatings.

5. Bond strength studies found that the bond strengths of the CaP coatings were high, 

but due to the measured values being so great, the values cannot be used to truly 

quantify the adhesion of the coating to the substrate.

6. More nucleation sites in the early stages of deposition on the CaP coated PMOD 

compared to the CaP coated NPAS did not translate to a measurable difference in 

coating bond strengths.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25

7. Solubility studies revealed that the ELD CaP coatings were resorbed in EBSS. Both 

calcium and phosphorous were released into solution over the 14 day period resulting 

in visible changes to the CaP coating.
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Figure 1. Electrochemical deposition cell showing major components.
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Figure 2. Representative photomicrographs of coatings deposited at various current den
sities. Below the optimum current density of 150 mA/cm2 coatings were discontinuous 
(a), while those deposited at higher current densities were subject to spalling (c) and (d).
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NPAS 100 mA/c PMOD 100 mA/cm2 200 pm ,

NPAS 100 mA/cm2 100 pm PMOD 100 mA/cm2 100 pm .

Figure 3. SEM micrographs of coated substrates after sonication in methanol. More nu
cleation sites remain on the PMOD surface (b) and (d) than on the NPAS surface (a) and 
(c).
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PMOD 150 mA

Figure 4. Micrographs of as deposited coatings deposited at either 100 or 150 mA/cm2. 
PMOD coatings exhibited better crystal definition at lower current density (b), but the 
distinction was lost at higher deposition currents (d).
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Figure 6. XRD scan of as-deposited ELD CaP coating on NPAS (top) and PMOD (bot
tom) titanium substrates
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Figure 7. Representative XRD scan of as-deposited ELD CaP coating on NPAS with cor
responding ICDD files.
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Figure 12. CaP Coatings after 14 days in Earle’s Balanced Salt Solution on NPAS (a) 
and PMOD (b) treated substrates.
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Figure 13. XRD of CaP coatings after 14 days in EBSS
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ABSTRACT

Electrolytic deposition (ELD) is a novel technique that can be readily controlled 

to deposit a variety of calcium phosphate (CaP) coatings. The focus of this study was to 

deposit hydroxylapatite (HA) coatings using ELD and a simple unbuffered CaP electro

lyte by incorporating the principles of solubility isotherms. A saturated CaP electrolyte 

was formulated to deposit HA on commercially pure titanium (cpTi) that had been either 

passivated in nitric acid (NPAS) or treated further by etching in phosphoric acid 

(PMOD). A symmetric pulsed square wave was used to apply the CaP coatings; fre

quency was optimized to get continuous coating coverage. More nucleation sites were 

seen on the ELD coated PMOD than NPAS; this was the only discemable difference be

tween the two substrate treatments. SEM showed that ELD formed a continuous coating 

that mimicked the substrate topography. EDS, XRD, and FTIR showed good comparison 

between the ELD HA and bulk HA pellets. Bond strength of the ELD HA coatings were 

at or above most published values for CaP coatings. It was found that ELD is a controlla

ble process that can deposit thin uniform EA coatings on cpTi.

INTRODUCTION

Calcium phosphates (CaP) have been used as biomaterials for over 20 years and 

are often used to coat titanium implants combining the favorable chemical properties of 

the ceramic with the mechanical properties of the substrate. These coatings have been 

shown to facilitate early bone integration for orthopedic and dental implants. 1' 5 Plasma 

spraying is the most commonly used technique to apply CaP coatings, usually producing 

coatings containing several CaP phases, including hydroxylapatite (HA), p-tricalcium
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phosphate, and amorphous calcium phosphate, due to the high temperature and rapid 

cooling during coating.6 ’9 The various CaP phases have different solubilities and can cre

ate sites of coating loss and subsequent coating failure upon implantation. 8

Alternate coating methods have been explored in an attempt to overcome the limi

tations of plasma spraying. Ion beam sputtering and RF magnetron sputtering methods 

can produce CaP coatings but still require post heat treatments to improve crystallinity 

and to transform to the more stable HA phase. 10’ 13 Coatings created by precipitation of 

CaP from saturated solutions can result in thin, uniform coatings on complex geometries. 

These immersion techniques have yielded bioactive CaP layers on titanium 14,15 but can 

be very time consuming due to the induction times for nucleation and subsequent growth 

on the surfaces. 16,17

Electrolytic deposition (ELD) of CaP from solution on titanium substrates is a 

promising alternate method of thin coating preparation for biomedical implants. Unlike 

line-of-sight techniques such as plasma spraying or sputtering, ELD of CaP allows more 

control of the final coating chemistry, and a uniform crystalline coating of complex im

plant geometries and ELD requires less time to achieve micron thicknesses than immer

sion techniques. ELD deposits CaP by driving ions out of solution onto the cathode 

through hydrolysis reactions of metal ions and complexes in the electrolyte. CaP coatings 

have been deposited from solutions of Ca(N0 3 ) 2 and NH4H2P 0 4 using ELD . 18’22

The objective of this study was to fabricate HA coatings and apply the principles 

of CaP solubility isotherms to ELD. A resorbable CaP was successfully deposited on 

commercially pure titanium (cpTi) with controlled solution conditions using an un

buffered CaP electrolyte. 17 Briefly, an unbuffered, equimolar CaP containing electrolyte
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successfully deposited a resorbable CaP on cpTi at low temperature with ELD. For the 

current study, ELD was used to deposit HA on cpTi by adjusting the applied deposition 

current, and the pH and Ca to P ratio of the unbuffered CaP electrolyte according to CaP 

solubility isotherms. 23,24 Additionally, the effects of cpTi substrate surface modification 

on the ELD coating morphology and bond strength were investigated.

MATERIALS AND METHODS 

Fabrication

Grade 2 cpTi disks ( 0  = 16 mm) were wet ground through 600 grit SiC paper.

The polished disks were cleaned and passivated per ASTM F8 6  guidelines: sonication in 

acetone, distilled water, ethanol, and distilled water, and soaking in 30% nitric acid for 20 

minutes (NPAS). Half of the substrates were treated further by immersion in 30% phos

phoric acid for 20 minutes (PMOD).

An electrolytic bath with l.OOxlO' 3 M concentration of Ca2+ and 6.10xl0 ' 4 M 

concentration of P 0 43" was formulated to deposit hydroxylapatite (FLA.) based upon solu

bility isotherms and associated Gibb’s Free Energy of calcium phosphate phases. Reagent 

grade NaCl, CaCl2, KH2PO4 , and KOH were used for the electrolyte; the starting pH was 

6.5 ±0.1 with a 0.15 M total ionic activity. A fresh bath was used for each deposition.

The coating deposition is attributed to three reaction stages that take place at the cathode, 

found in Table I . 21
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TABLE 1. Summary of cathodic reactions during ELD of CaP.

Cathodic reaction Process Open circuit voltage

0 2 + 2H20  + 4e -» 40H" reduction of oxygen -0.4 V

2H2P 0 4" + 2e -> 2H2P 0 42' + H2

reduction of acid phosphate -0.4 to -1.6 V
H2P 042" + 2e‘ -o- 2P043" + H2

2H20  + 2e H2 + 20H ' reduction of water -1.6 to -3.0 V

All experiments were performed in double-walled glass vessels at 37°C purged 

with humidified nitrogen to remove oxygen and deter CaCC>3 formation. A power source 

was connected to the cpTi substrate (cathode) and a Pt/Nb wire mesh (anode) as shown in 

the schematic of Figure 1. Substrates were exposed to either a constant or pulsed current 

during deposition. For constant current deposition, a Hewlett Packard 6633A System DC 

power supply was used. The disks were exposed to a current density of 100, 150, 200, or 

300 mA/cm2 for 2 hours. A BK Precision Model 4011 5 MHz Sweep/Function Generator 

was used to apply a symmetric square wave at frequencies ranging from 0.5 to 10 Hz for 

4 h. DC offset and output were set at maximum values for the function generator result

ing in applied current densities of 4 and 200 mA/cm2 (0.64 and 7.00 V, respectively) each 

cycle (see Figure 2). Bath temperature and pH were measured before and after all deposi

tions to monitor consistency; this data was also useful in interpreting phase formation. 

The coated substrates were then rinsed with distilled water and ethanol, dried with a heat 

gun on low setting, and stored in a desiccator until further analysis.
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Bulk HA disks were used as comparison to the ELD coated Ti disks. Commer

cially available HA powder (Fisher) was pressed to form 16 mm diameter unsintered pel

lets (HAU) in a hardened steel die using approximately 27.6 MPa of pressure. The HAU 

disks were then sintered at 1000°C for 3 h (FIAS).

Characterization

X-ray Diffraction

X-ray diffraction (XRD) was used to identify the calcium phosphate phase in the 

coating. The scans used a 0.02 ° 20 step size for 6  s/step over a 30-70° 20 range and a 

CrKa radiation source (40 keV, 30 mA). The scans were converted to CuKa for com

parison with other published data. ELD coating spectra were compared with International 

Centre for Diffraction Data (ICDD) files as well as spectra of known bulk HA samples, 

HAU and HAS.

Scanning Electron Microscopy/ Electron Dispersive Spectroscopy

SEM was used to examine the morphology of the substrates, ELD coated disks 

(both NPAS and PMOD), and bulk ELA using an accelerating voltage of 30 keV. The 

samples were cleaned in methanol before sputter coating with gold and palladium for 

analysis. EDS was also performed using a 500X scan area and standardless quantification 

methods using 15 keV on the ELD coatings, HAU, and HAS; the lower voltage was used 

to minimize excitation of the Ti substrate.
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X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) was performed using a monochromatic 

A1 (1487 eV) x-ray source that penetrated less than 5 nm into the surface. High-resolution 

scans were performed at 40 eV for 3 samples o f each of the following groups: uncoated 

NPAS, uncoated PMOD, and coated NPAS. Curve fitting of spectra was performed using 

Spectral Data Processor v3.0.

Fourier Transform Infrared Spectroscopy 

Samples were examined Fourier Transform Infrared Spectroscopy (FTIR) to de

termine the presence of functional groups. The instrument was operated in reflectance 

mode and surveyed from 400 to 4000 cm ' 1 using 32 scans with 4 cm' 1 resolution.

Coating bond strength

Epoxy coated studs were affixed to the ELD coatings, and the normal stress re

quired to detach the stud from the sample surface was measured. Studs were affixed with 

a clamp and cured for 1 h at 150°C to ensure mounting perpendicular to the surface. After 

cooling, the samples were tested using a Sebastian Five Strength Tester (Quad Group). 

Samples were loaded at a rate of 5 kg/s until failure. After testing, samples and studs 

were visually inspected using stereomicroscopy.
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RESULTS AND DISCUSSION 

Substrate Treatment

The substrates were examined using several characterization techniques to deter

mine what, if any, effects the different acid preparation had on the Ti surfaces. XRD indi

cated that the cpTi (ICDD 5-682) had a (0 0 2) texture. The spectra of the uncoated 

NPAS and PMOD cpTi were indistinguishable (Figure 3). Carbon, oxygen, nitrogen, and 

titanium were detected using XPS on the surfaces of both treatment groups, but phospho

rous was found only on the PMOD cpTi surfaces, indicating a difference in the surface 

chemistries of the cpTi disks. The surface morphologies were indistinguishable on SEM, 

having similar roughness and topography.

Deposition Parameters

Constant current deposition was attempted at current densities between 100 and 

300 mA/cm2  which resulted in poor coverage of the substrates for both substrate treat

ments. Nucleation sites were poorly dispersed and large agglomerates were not connected 

to other coating areas, illustrated by a representative sample in Figure 4. Precipitates were 

found in the baths as well. This observation can be explained by the buildup of OH' at the 

cpTi cathode surface (see Table 1) as found in other ELD research. 20 ' 22 The higher con

centration of OH' at the substrate surface results in a gradual, localized increase in pH 

from the bulk electrolyte to the substrate, illustrated in Figure 5 . 20 As the ions from the 

bulk electrolyte approach the surface, the increase in pH drives the precipitate out into 

solution.
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Pulsed deposition was investigated in an attempt to deposit a more continuous 

coating. The pulsed current shown in Figure 2 was applied to overcome the large differ

ence in size and mobility of the Ca2+ and PO43' ions in the electrolytic bath. To parallel 

the time of cathodic polarization used for the 2 -h constant current, the square wave was 

applied for 4 hours (a total of 2 h on and 2 h off). The off time allowed the larger, slower 

P 0 4 3 ions to travel to the surface of the Ti cathode and bond with the Ca2+ ions already 

present on the surface. This time without the applied current minimized the diffusion 

layer (shown in Figure 5) at the cathode, reducing the OH' concentration at the substrate, 

and enabling anions to bond to the cations at the proper stoichiometry for deposition of 

HA.

Depositions were performed on NPAS and PMOD cpTi substrates for the pre

liminary studies at the following frequencies: 0.5, 1.0, 2.0, and 10.0 Hz. Coatings depos

ited at 2 Hz were uniform and continuous, while those deposited at the other frequencies 

were not for either substrate treatment (see Figure 6 ). Frequencies less than 2 Hz pro

duced coatings that did not cover the cpTi surface; nucleation sited were dispersed. Coat

ings deposited at 10 Hz produced precipitate in the electrolyte and were very similar to 

those deposited using constant current. The voltage transient was measured across the 

electrochemical cell set at the initial dc offset and output; there was no transient seen. The 

system was operating well below the critical frequency; therefore ion mobility was the 

rate limiting effect occurring at the electrode. A 2.0 ± 0.5 Hz square wave was used for 

the remaining experiments. The pH at the end of the deposition was 6.9 ± 0.1.
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Coating Characterization

To investigate the early stages of the deposition, ELD coated cpTi disks were 

sonicated in methanol for 2 min. As seen in Figure 7, there are visibly more nucleation 

sites on the ELD coated PMOD (b) than on the ELD coated NPAS (a) cpTi substrate after 

the sonication. This difference between cpTi acid treatments did not translate to the mor

phology of the as-deposited coating, which indicates that growth is able to compensate 

for the initial difference in nucleation sites.

The topography of the substrate was mimicked through the ELD coatings. No 

significant differences were seen when comparing the NPAS and PMOD ELD coatings. 

Coatings appeared to be approximately 10 microns thick having particle sizes ranging 

from 5 to 15 microns, illustrated in Figure 8 .

EDS was performed to quantify the Ca to P ratio of the ELD coatings and bulk 

HA. EDS revealed ratios for the ELD coatings (ELD NPAS = 1.54 ± 0.22, ELD PMOD = 

1.53 ± 0.12) were higher than those for the bulk FLA disks (FLAU = 1.38 ± 0.04, FLAS = 

1.39 ± 0.04). This discrepancy could be attributed in part to the higher detection of car

bon compared to the ELD coatings.

Crystal structure was investigated using XRD on the ELD coated NPAS and 

PMOD disks, HAU, and HAS. Substrate treatment had no effect on the ELD coatings; 

spectra were indistinguishable. Sintering of the HA disks increased the crystallinity of the 

HAS disks compared to 1TAU disks; HAS disks had well defined peaks. Figure 9 shows 

that there was good agreement for all spectra with the ICDD file for FLA. (9-0432) and 

titanium (05-682) on the ELD coated disks. The ELD coatings had a predominantly (002) 

texture at 26° 20. A search was performed for CaP ICDD files that corresponded to the
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visible peak around 41° 20 in the ELD coating but no CaP was found to include a peak 

for that 20. This unknown could also have contributed to the higher EDS of the ELD 

compared to the bulk HA.

XPS was performed on ELD coated NPAS cpTi disks to characterize the surface 

of ELD coatings. No titanium was detected, supporting the SEM images of continuous 

coatings. High resolution scans gave calcium to phosphorous ratio o f 1.23 ± 0.05 for the 

coatings deposited on NPAS titanium disks.

FTIR was performed to investigate the functional groups present on the surface of 

the samples. There was good agreement of the ELD coatings with both HAU and HAS 

disks as can be seen in Figure 10. Bands derived from the P 0 4 modes for ILA sited in 

other works correlated well with those observed in this study (1090, 1020, 962, 600, and 

563 cm' 1) . 19 No bands associated with carbonate ions were detected in any of the ELD 

coatings. The characteristic large, sharp peak from the stretching mode of hydroxyl 

groups around 3570 cm' 1 usually seen with HA. 1 8 1 9 2 6  was not pronounced in any of the 

spectra. While there was a slight peak, the absence of intensity was attributed to signal 

loss during collection. Samples were placed externally on a crystal while collecting the 

spectra in reflectance mode. The roughness of the sample surface against the smooth 

crystal allowed for some possible absorption or deflection of the signal during collection.

Bond Strength

Bond strength tests were performed on the ELD coated Ti disks to investigate the 

adhesion strength of the coating to the Ti substrate. It was thought that the presence of 

phosphorous on the PMOD cpTi surface would provide both better and more bonding
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sites for the CaP coating which would lead to higher coating bond strength. As seen in 

Figure 7, there were more nucleation sites on the ELD PMOD cpTi than the ELD NPAS 

cpTi after being sonicated for 2 min. The ELD coating was better attached to the PMOD 

in that there was more coating present than on the NPAS. This visible difference in at

tachment of the coating in the early stage of deposition did not translate to a quantifiable 

difference of the final ELD coating on the two different cpTi acid treatments. ELD NPAS 

coatings had bond strengths of 60.81 ± 11.60 MPa, while PMOD had 62.28 ± 19.61 MPa. 

While the difference was not statistically significant, both groups had high values, at or 

above most published values for similar coatings. Failures all occurred within the epoxy 

or at the coating/substrate interface; none were within the coating.

CONCLUSIONS

1. Ti substrate surface chemistry was altered by exposure to different acids. This did not 

lead to detectable differences in the characterization of the applied coatings.

2. ELD in a neutral CaP containing electrolyte formulated to deposit HA (Ca:P = 1.67) 

required the application of a pulsed square wave. ELD coatings deposited by pulsed 

deposition were optimized at 2 Hz, resulting in continuous coverage of the cpTi.

3. Crystal structure, morphology, chemistry and bond strength of applied ELD coatings 

were unaffected by substrate surface treatments.

4. ELD coatings were comparable to commercially available bulk FLA in terms of XRD 

and FTIR, as well as ICDD file 9-432 for HA.

5. ELD HA coatings had high bond strengths.
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6 . HA coatings were fabricated on cpTi by ELD using a simple electrolytic bath at 37°C 

without post heat treatment.

7. The formulation of the unb uffered CaP electrolyte can be adapted to deposit different 

phases of CaP using ELD.
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Figure 2. Representation of applied current for pulse deposition experiments. Periods
were between 0.1 s (10 Hz) and 2.0 s (0.5 Hz). The maximum and minimum cur
rent densities ranged from 196 to 200 mA/cm2 and 0 to 4 mA/cm2, respectively.
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Figure 3. XRD Spectra of uncoated NPAS and PMOD cpTi substrates show agreement 
with ICDD file 5-682 for titanium having a (0 0 2) texture.
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Figure 4. Representative SEM image of ELD CaP coating deposited using constant cur
rent density (200 mA/cm2 on NPAS cpTi substrate).
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Figure 5. Schematic of reaction at cathode.
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Figure 6. ELD coatings on NPAS substrates deposited at different frequencies. A con
tinuous coating was deposited using 2 Hz square wave. Calibration mark is 25pm.
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Figure 7. ELD coated cpTi NPAS (a) and PMOD (b) after placing in an ultrasonic 
cleaner with methanol for 2 minutes. There are more visible nucleation sites on the ELD 
PMOD surface.

Figure 8. Edge of ELD coating on Ti substrate illustrating coating thickness.
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Figure 9. XRD spectra of as-deposited ELD HA coatings on ELD NPAS and PMOD 
cpTi substrates compared to ICDD files and bulk HA (HAU and HAS).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

lUNSINHA

0 .5 |

;HA NPAS1

0.2

-0 .0 1
I HA PMOD1

0-21

-0.0
iSINTER HA

0 .2 1

;HA PMOD2

0.21

;h a n p a s 2
0 .4 !

0.2

800 700 6001200 1100 1000 900 t
Wavenumbers (cm-1)

Figure 10. FTIR spectra reflects similarities between the ELD deposited coatings on cpTi 
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ABSTRACT

Hydroxylapatite (HA) coatings are used on dental and orthopedic implants to en

hance the bond of the implant with the surrounding bone and improve implant stability 

through osteoconduction. The reported osteoconduction of HA has been investigated on 

many levels, from overall implant performance in vivo, to studies of cell signaling on ma

terials surfaces in vitro. The purpose of this study was to evaluate the biocompatibility of 

HA coatings fabricated using electrolytic deposition (ELD). The dissolution behavior of 

ELD HA coated Ti disks was compared to that o f sintered HA pellets using Earle’s Bal

anced Salt Solution (EBSS). SEM, EDS, XRD, and FTIR were performed before and af

ter dissolution. Human mesenchymal stem cells (MSC) were seeded on ELD HA coated 

and uncoated Ti disks with and without the presence of serum. ELD HA was comparable 

to the sintered HA pellets in terms of characterization and solubility; Ca and P came out 

of the EBSS and deposited on both surfaces. MSCs required serum to spread on all sur

faces, a result that is consistent with previous studies of MSC behavior on sintered HA.

In light of these studies, it was concluded that ELD HA has good potential for use as a 

biocompatible coating.

INTRODUCTION

Hydroxylapatite (HA, Caio(P0 4 )6 (OH)2) is a calcium phosphate (CaP) that most 

resembles the mineral phase that composes bone. HA has been shown to promote bone 

growth when placed in the body, a function deemed osteoconductive. 1 Its use as a coating 

on orthopedic and dental implants enables the combination of good mechanical properties 

of the underlying metal substrate with the bioactive surface of HA . 1"4 HA is in intimate
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contact with bone; with time, bone attaches to the HA through a thin (<0.2 pm) epitaxial 

bonding layer containing bone minerals. 1’5,6 This bond allows good fixation and overall 

function of the implant.

The osteoconductive behavior of HA is due to its reactions in aqueous solution 

where CaP is in a dynamic equilibrium. Dissolution and reprecipitation of Ca2+ and PO43' 

occurs at the surface, pulling ions from the surface and surrounding environment. This 

exchange of ions can create local saturation which changes the local pH and results in 

precipitation of other CaP phases on the surface. The resulting phase is dependent on the 

pH, ionic concentrations, and temperature, and may be different from the original coat

ing. As can be seen by the solubility isotherm in Figure 1, HA is the most thermodynami

cally stable CaP phase in neutral pH conditions and usually forms when CaP is precipi

tated from solutions in this range. Biocompatible CaP phases, including dicalcium phos

phate dihydrate (DCPD) and octacalcium phosphate (OCP), have been shown to convert 

to FLA when placed in neutral calcium and phosphate containing saline solutions at 37°C, 

conditions that mimic the biological environment.7 ' 9

Ceramic and metallic surfaces placed in biological environments adsorb proteins. 

The amount and type of protein adsorption is dependent upon the physicochemical prop

erties of the exposed material. Protein adsorption is driven by the bulk concentration and 

surface activity of the protein resulting in varying protein composition on different sur

faces. 10 CaPs, including HA, have been shown to adsorb more proteins as compared to 

titanium and stainless steel, 11" 13 which translated to better attachment of osteoprogenitor 

cells to the material surface. 11 Studies consistently find more bone induction by FLA com

pared to titanium alone. A study by ter Brugge found more a5, a 6 , and pi integrin ex
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pression on CaP. 14 The presence of increased levels o f the fibronectin-specific a5p l in- 

tegrin receptor could contribute to enhanced mineralization on CaP biomaterials, given 

that this receptor has been implicated in the osteoblastic differentiation o f osteoprogenitor 

cells. 15

Orthopedic and dental implants are covered in blood, adsorbing proteins on the 

surfaces, when placed in bone. Protein detachment does not easily occur; in effect, the 

proteins are immobilized on the surface once they are adsorbed. 10 Certain proteins that 

are abundant in blood, particularly fibronectin and vitronectin, bind to cell surface in- 

tegrins, which in turn tethers the cells to the implant surface. Mesenchymal stem cells 

(MSC), the cells of interest, have been shown to differentiate into bone cells when placed 

in the proper environment. 16 This attachment of the MSC is thought to be a critical step in 

the overall bonding and incorporation of the implant in bone.

Electrolytic deposition (ELD) is a relatively simple and inexpensive method used 

to apply coatings by driving ions and complexes out of the electrolytic bath. It is a non- 

line-of-site technique capable of depositing HA on complex surface geometries, typical 

o f biomedical implants. 17' 20 In vitro experiments have shown good spreading and prolif

eration of osteoblastic cells on CaP coatings deposited using EL D 21 while in vivo ex

periments have shown enhanced bone formation and subsequent increase of bone pull-out 

bond strengths of ELD CaP coated surfaces. 22 HA has been shown to adsorb more serum 

proteins than titanium and have better binding of osteoblast precursor cells. 11 The focus 

o f this study was to investigate the solubility of HA coatings deposited on titanium sub

strates using this novel technique and the behavior of MSCs on ELD HA coated and un

coated titanium substrates.
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MATERIALS AND METHODS 

Fabrication

Commercially pure titanium (cpTi) disks were wet ground through 600 grit using 

silicon carbide paper. The disks were then cleaned and passivated per ASTM F- 8 6  stan

dards: ultrasonically cleaned in acetone for 1 0  min, rinsed with distilled water, ultrasoni- 

cally cleaned in ethanol for 1 0  min, rinsed with distilled water, statically passivated in 

30% nitric acid for 20 min, rinsed with distilled water and then ethanol, and stored in a 

desiccator until use (NPAS). Some disks were treated further by etching in 30% phospho

ric acid for 2 0  min, and then rinsed with distilled water followed by ethanol, and placed 

in a desiccator until use (PMOD).

Methods employed in this study to deposit HA using ELD are described else

where. 17 Briefly, each disk was placed in sealed PTFE holders that masked the disk to 1 

cm2 exposed surface area. Each was then placed in a calcium and phosphorous containing 

electrolytic bath formulated to deposit FLA based on the solubility isotherms in Figure 1. 

A I L  double-walled beaker purged with humidified nitrogen was used for the electro

chemical cell. The temperature of the beaker and nitrogen were maintained by a water 

bath held at 37°C. A function generator was connected to the cpTi cathode and a Pt/Nb 

wire mesh anode. A pulsed square wave was applied with current densities of 4 or 200 

mA/cm2 at 2.0 ± 0.1 Hz frequency for 4 h. Bath temperature and pH were monitored be

fore and after deposition. At the end of the 4 h, each disk was removed and rinsed with 

distilled water followed by ethanol, dried with a heat gun on low setting, and stored in a 

desiccator.
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Pellets of HA were made for comparison to the ELD HA coatings. Procedures set 

out by Sawyer et al. 23 were followed using commercially available HA powder (Fisher 

Scientific). Briefly, the powder was pressed using a 16 mm diameter steel die at ap

proximately 20.7 MPa of pressure. The pellets were removed from the die and then sin

tered at 1000°C degrees for 3 h. The sintered HA pellets were allowed to cool and then 

stored in a desiccator.

Cha racterization

X-ray diffraction (XRD) was used to identify the particular calcium phosphate 

phase in the coating. The scans used a 0.02° 20 step size for 4 s/step over a 30-70° 28 

range and a CrKa radiation source (40 keV, 30 mA). The scans were converted to CuKa 

for comparison with the literature. The collected spectra were compared with Interna

tional Centre for Diffraction Data (ICDD) files.

Scanning Electron Microscopy (SEM) was performed on samples using an accel

erating voltage of 30 keV. All samples were cleaned in methanol before sputter coating 

with gold for analysis. Electron Dispersive Spectroscopy (EDS) was also performed us

ing a 500X scan area and standardless quantification methods using 15 keV accelerating 

voltage.

Fourier Transform Infrared Spectroscopy (FTIR) was performed in reflectance 

mode to investigate the surfaces of the samples. This was chosen since the surface of the 

samples were the focus of the solubility and cell culture studies. The survey was from 0 

to 4000 cm' 1 using 32 scans with 4 cm ' 1 resolution.
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Dissolution

24A dissolution study was performed based on the procedure by Hyakuna, et al. 

Uncoated and ELD HA coated NPAS and PMOD disks and sintered HA pellets were 

placed in standard 24-well cell culture dishes and covered with 1 mL of Earle’s Balanced 

Salt Solution (EBSS, part number E3024, Sigma) and placed in an incubator maintained 

at 37°C and 5% atmospheric CO2 for up to 14 days. The EBSS was drawn off and replen

ished with 1 mL of fresh EBSS after time intervals of 0 ,1, and 24 h, and at days 2,3, 5,

7, 10, and 14. At each time period, the removed solute was stored in individual vials and 

refrigerated. To adj ust for evaporation and other possible anomalies, empty wells of the 

cell culture dishes were used as controls. The 1 mL of solute removed from each sample 

at each time interval was diluted using 1:21 with deionized distilled water. The diluted 

samples were analyzed for calcium and phosphorous content using a Perkin Elmer CV- 

3300 Inductively Coupled Plasma Optic Emission Analysis (ICP). After dissolution stud

ies, the disks were examined using SEM, EDS, FTIR, and XRD.

Cell Culture

Uncoated and ELD HA coated NPAS and PMOD disks were used in cell culture 

studies. Disks were placed in standard 12-well cell culture plates and sterilized in 70% 

ethanol for 15 min, then washed with sterilized distilled deionized water three times. 

Disks from each group were either coated with fetal bovine serum or left uncoated (no 

serum) and refrigerated in a 4°C coldroom overnight.
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Disks were washed three times with phosphate buffered saline (PBS) and seeded 

with cell suspension. Human MSC, isolated from bone marrow using density gradient 

centrifugation, 23 were used in all experiments. MSC were obtained with prior approval 

from the University of Alabama Institutional Review Board, as previously described. 25 

Cells were detached from tissue culture flasks with 0.05% trypsin/0.1% EDTA solution 

followed by immediate incubation with trypsin inhibitor. The cells were then washed in 

serum-free media and seeded on the disks using 1 2 0 0  microliters of cell suspension con

taining 1 x 10s MSC in each well. Cells were allowed to attach for either 1 or 24 h in an 

incubator at 37°C with 5% atmospheric pressure of CO2 .

The disks were then prepared for visualization on a Leitz Orthoplan fluorescent 

microscope. After incubation, the disks were washed 3 times using PBS, and then cov

ered with 0.1 mL of 3.7% formaldehyde/Tris-buffered saline (TBS) solution for 15 min at 

room temperature to fix the cells. Disks were then gently washed two times with PBS and 

incubated for 2 min at room temperature in 0.1 mL of 0.2% TX-100/TBS solution to 

permeabilize the cells. Disks were again gently washed in PBS twice and blocked 10 min 

with 0.1 mL of 2% denatured BSA at room temperature. Disks were gently washed twice 

withPBS, covered with 0.1 mL of Alexa 594-phalloidin (1:200 dilution in TBS), covered 

in foil, and incubated at 37°C for 1 hour to detect polymerized actin. Disks were washed 

three times with PBS and hard agitation and then mounted on microscope slides in sili

cone gaskets (Sigma) with a paraphenylene diamine (Sigma)/glycerol mounting solution 

and stored at -20°C until observation on the fluorescent microscope.
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RESULTS AND DISCUSSION 

Coating Fabrication and Characterization

Fabrication was successful in that NPAS and PMOD disks were coated using the 

ELD system. Characterization led to the conclusion that the deposited coatings were HA. 

XRD had good agreement with ICDD files for HA and Ti (9-432 and 5-682, respec

tively). EDS was performed at 15 keV to minimize effects of the underlying titanium 

substrate on Ca:P quantification. While the ELD HA average Ca:P of 1.55 ± 0.10 was 

lower than the theoretical 1.67 for HA, it was closer than that found for the sintered HA 

pellets, 1.30 ± 0.22. The EDS and XRD concurred that the ELD coatings were HA and 

comparable to the sintered HA pellets. 17

SEM of the HA ELD coatings revealed well dispersed grains that continuously 

covered both the NPAS and PMOD surfaces. FTIR of the ELD HA was not consistent 

with the published data for HA in that the large peak associated with the hydroxyl group 

at 3570 cm-1 was present but not pronounced. The ELD HA and sintered HA pellets 

were similar in peak number and positions, including the minimized hydroxyl peak. This 

loss was attributed to the surface roughness of the samples, which most likely scattered 

the signal during the scans. The agreement of the known hydroxylapatite (sintered HA 

pellets) spectra with that of the ELD led to the conclusion that it was HA as well. 17

Solubility in EBSS

All of the materials investigated in this study drew calcium and phosphorous from 

the EBSS solution. This loss from solution indicates that CaP is being deposited on the 

surfaces of the samples. Figure 2 shows the cumulative Ca and P loss over time. While
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there was some inconsistency in the control values, the trend was consistent for the HA 

ELD disks and the sintered HA pellets. The fact that more Ca and P came out of solution 

for the sintered HA was not unexpected in that these pellets are porous and have a higher 

surface area.

SEM of the HA ELD disks revealed some changes to the surfaces. New precipi

tates were visible on the surface of both the HA NPAS and HA PMOD disks (Figure 3). 

The presence of the precipitates supports the findings of Ca and P loss from EBSS over 

the incubation time. EDS reflected a change in the Ca:P ratio for the ELD HA coatings. 

After 14 days in EBSS the Ca:P ratios decreased (HA NPAS = 1.25 ± 0.17 and HA 

PMOD = 1.31 ± 0.32, substrate treatments not statistically different, student t-test p >

0.05) compared to ratios before immersion. XRD spectra of the ELD HA had a loss of 

intensity and some peak broadening. Figure 4 compares representative spectra from sam

ples before and after 14 days in EBSS. There were no new peaks evident after the 14 days 

in EBSS in the XRD spectra. The data collected from the sintered FLA pellet on FTIR af

ter the 14 days was inconclusive, most likely due to the loss of signal by the surface 

roughness and the difficulty in handling the samples after 14 days in solution. The ELD 

FLA FTLR spectra were not as affected in that there were still comparable peaks with the 

as-deposited coatings shown in Figure 5. The peak broadening associated with a loss of 

ciystallinity, combined with the lower Ca:P, suggests the new precipitate being a CaP 

similar to calcium deficient HA.
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Cell culture

NPAS and PMOD titanium disks and ELD HA NPAS and PMOD disks were 

used in the cell culture studies following procedures outlined by Sawyer, et al. 23 All of 

the disks were either coated with serum or left uncoated prior to seeding with human 

MSC. As shown in Figure 6 , some cells were able to attach to surfaces in the absence of 

serum pre-coatings, however these cells had a veiy rounded morphology. In contrast, 

cells were able to spread on material surfaces that had been pre-coated with serum, sug

gesting that adsorbed serum proteins play a key role in regulating cell behavior on the 

ELD HA surfaces. This result is consistent with our prior observation that adsorbed se

rum factors are required for cell spreading on dense, sintered HA disks. 11 At 24 h follow

ing seeding, cells on serum coated ELD HA surfaces were better spread and had formed 

actin stress fibers (Figure 7), a behavior that is favorable for cell survival and osteoblastic 

differentiation. The observation that cells are able to adhere and spread on serum-coated 

ELD HA, similar to sintered HA, suggests that the ELD HA coatings would likely be 

biocompatible in vivo.

CONCLUSIONS

1. ELD coatings were characterized as HA using XRD, EDS, and FTIR elsewhere. 17

2. Neither ELD HA coating lost calcium or phosphorus when exposed to EBSS. ELD HA

and sintered HA pellets drew calcium and phosphorous out o f EBSS and a secondary 

phase was visible on the surface of the ELD HA. The resulting phase had a lower 

CaP ratio than HA and was less crystalline.
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3. FU R showed little change in spectra of ELD HA before and after immersion in EBSS

for 14 days.

4. Pre-coating the ELD HA samples with serum was required for cell spreading.

5. No differences were noted in the morphology of cells adherent to ELD HA NPAS vs

ELD HA NMOD surfaces.

ACKNOWLEDGEMENTS

We would like to thank Mr. Ed Calvert of Wallace State Community College, 

Hanceville, AL for allowing generous access to the ICP at their facility and Dr. Derrick 

Dean for providing FTIR data.

REFERENCES

1. Jarcho M. Calcium phosphate ceramics as hard tissue prosthetics. Clinical Ortho
paedics and Related Research 1981;157:257-278.

2. Cook SD, Thomas KA, Kay IF, Jarcho M. Hydroxyapatite-coated porous titanium 
for use as an orthopedic biologic attachment system. Clinical Orthopaedics and 
Related Research 1988;230:303-312.

3. Cook SD, Thomas KA, Dalton JF, Volkman TK, Whitecloud TS, Kay JF. Hy
droxylapatite coatings of porous implants improves bone ingrowth and interface 
attachment strength. Journal of Biomedical Materials Research 1992;26:989- 
1001.

4. Morris HF, Ochi S. Hydroxyapatite-coated implants: a case for their use. Journal 
of Oral and Maxillofacial Surgery 1998;56(11):1303-1311.

5. Bagambisa FB, Joos U, Schilli W. Mechanisms and structure of the bond between 
bone and hydroxyapatite. Journal of Biomedical Materials Research 1993;27: 
1047-1055.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

6. Hench LL. Ceramics, glasses, and glass-ceramics. In: Ratner BD, Hoffman AS, 
Schoen FJ, Lemons JE, editors. Biomaterials science: an introduction to materials 
in medicine. San Diego: Academic Press; 1996. p 73-84.

7. Johnsson MS, Nancollas GH. The role of brushite and octacalcium phosphate in 
apatite formation. Critical Reviews in Oral Biology and Medicine 1992;3(1-2):61- 
82.

8. Daculsi G, LeGeros RZ, Nery E, Lynch K, Kerebel B. Transformation of biphasic 
calcium phosphate ceramics in vivo: ultrastructural and physicochemical charac
terization. Journal of Biomedical Materials Research 1989;23(8):883-894.

9. LeGeros RZ. Calcium phosphates in oral biology and medicine. San Francisco: 
Karger; 1991.

10. Horbett TA. Proteins: structure, properties, and adsorption. In: Ratner BD, Hoff
man AS, Schoen FJ, Lemons JE, editors. Biomaterials science: an introduction to 
materials in medicine. San Diego: Academic Press; 1996. p 133-141.

11. Kilpadi KL, Chang PL, Beilis SL. Hydroxylapatite binds more serum proteins,
purified integrins, and osteoblast precursor cells than titanium or steel. Journal of 
Biomedical Materials Research 2001;57(2):258-267.

12. Ducheyne P, Qiu Q. Bioactive ceramics: the effect of surface reactivity on bone 
formation and bone cell function. Biomaterials 1999;20(11):2287-2303.

13. Zeng H, Chittur KK, Lacefield WR. Analysis of bovine serum albumin adsorption 
on calcium phosphate and titanium surfaces. Biomaterials 1999;20:377-384.

14. ter Brugge PJ, Wolke JG, Jansen JA. Effect of calcium phosphate coating crystal- 
linity and implant surface roughness on differentiation of rat bone marrow cells. 
Journal of Biomedical Materials Research 2002;60(l):70-78.

15. Globus RK, Doty SB, Lull JC, Holmuhamedov E, Humphries MJ, Damsky CH.
Fibronectin is a survival factor for differentiated osteoblasts. Journal of Cell Sci
ence 1998;111:1358-1393.

16. Otto WR, Rao J. Tomorrow’s skeleton staff: mesenchymal stem cells and the re
pair of bone and cartilage. Cell Proliferation 2004;37:97-110.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

17. Davis RSOC, Venugopalan R, Beilis SL, Janowski GM. Electrolytic deposition of 
hydroxylapatite using a pulsed wave technique. Unpublished data 2005.

18. Shirkhanzadeh M. Hydroxyapatite particles prepared by electrociystallization 
from aqueous electrolytes. Materials Letters 1993;15(5-6):392-395.

19. Shirkhanzadeh M. Direct formation of nanophase hydroxyapatite on cathodically 
polarized electrodes. Journal of Materials Science: Materials in Medicine 
1998;9:67-72.

20. Yen SK, Lin CM. Cathodic reactions of electrolytic hydroxyapatite coating on 
pure titanium. Materials Chemistiy and Physics 2002;77:70-76.

21. Becker P, Neumann H-G, Nebe B, Luthen F, Rychly J. Cellular investigations on 
electrochemically deposited calcium phosphate composites. Journal of Materials 
Science: Materials in Medicine 2004;15:437-440.

22. Ban S, Maruno S, Arimoto N, Harada A, Hasegawa J. Effect of electrochemically 
deposited apatite coating on bonding of bone to the HA-G-Ti composite and tita
nium. Journal of Biomedical Materials Research 1997;36:9-15.

23. Sawyer AA, Hennessy KM, Beilis SL. Regulation of mesenchymal stem cell at
tachment and spreading on hydroxyapatite by RGD peptides and adsorbed serum 
proteins. Biomaterials 2005;26:1467-1475.

24. Hyakuna K, Yamamuro T, Kotoura Y, Oka M, Nakamura T, Kitsugi T, Kokubo 
T, Kushitani H. Surface reactions of calcium phosphate ceramics to various solu
tions. Journal of Biomedical Materials Research 1990;24(4):471-488.

25. Kilpadi KL, Sawyer AA, Prince CW, Chang P-L, Beilis SL. Primary human mar
row stromal cells and Saos-2 osteosarcoma cells use different mechanisms to ad
here to hydroxylapatite. Journal of Biomedical Materials Research 2004;68A(2): 
273-285.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

1
2

3
Q.

4

5

6
o>

7

O CP8

TCP9

10
HA

9 1083 4 5 6 7

pH

Figure 1. Schematic of solubility isotherms of CaP phases at 37°C and 0.10 M ionic ac
tivity. Republished with the permission of the International and American Associations 
for Dental Research, from Johnsson7; permission conveyed through Copyright Clearance 
Center, Inc.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



77

3

1

Ea.a. -B- Sintered HA 
-•-N PA S HA 

PMOD HA 
- A - EBSS

•1
CDo
s

■7
100 300 3500 50 150 .200 250

-B -S in te red  HA 
-• -N P A S  HA 
-*- PMOD HA 
-• -E B S SQ--1

150 200 250 3500 50 100 300
Time in Solution (hrs) T im e in Solution (hrs)
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Figure 3. SEM images of ELD HA before (a) and after 14 days in EBSS (b).
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Figure 4. Representative XRD spectra of samples before (HA PMOD and HA NPAS) 
and after dissolution (HA PMOD-14 and HA NPAS-14) compared to ICDD files for HA 
(9-432) and titanium (5-682).
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Figure 5. FTIR spectra of samples before and after 14 day solubility study in EBSS.
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NPAS HA 1 hr no serum PMOD HA 1 hr no serum

NPAS Ti 1 hr no serum PMOD Ti 1 hr no serum

Figure 6. MSC on surfaces after 1 h of incubation. Surfaces were either coated with se
rum or left uncoated before cell seeding. Serum was required for cells to spread on all 
surfaces.
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NPAS HA 24hr w/ serum I  PMOD HA 24hr w/ serum

NPAS Ti 24hr w/serum I  PMOD Ti 24hr w/serum

NPAS HA 24hr no serum I  PMOD HA 24hr no serum

NPAS Ti 24hr no serum I  PMOD Ti 24hr no serum

Figure 7. MSC on surfaces after 24 h incubation. Stress fibers are visible at this time pe
riod on ELD HA surfaces coated with serum while cells on ELD HA surfaces not coated 
with serum were rounded. Interestingly, in contrast to ELD HA coated materials, un
coated NPAS and PMOD Ti surfaces were able to promote spreading in the absence of 
adsorbed serum factors.
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OVERALL RESULTS AND DISCUSSION

From the findings of the three preceding manuscripts, it can be concluded that a 

reproducible low temperature process has been developed using simple chemistry to de

posit both resorbable and nonresorbable biocompatible coatings having potential for de

velopment into biomedical applications. However, the manuscript format merits a single 

discussion to better emphasize the conceptual commonalities among these papers.

Substrate Treatment Effects

The substrate surfaces were given either nitric acid passivation (NPAS) or phos

phoric acid pickling (PMOD). The surfaces of the two treatments were morphologically 

identical, but chemically different. XPS detected phosphorus only on the uncoated 

PMOD surface; this difference was not detected using EDS. After coating with calcium 

phosphate (CaP) using electrolytic deposition (ELD), substrates were placed in an ultra

sonic bath of methanol for 2 min. The ELD coatings were still present on the both sub

strate treatments, but SEM showed that more nucleation sites and better crystal definition 

occurred on the PMOD compared to the NPAS for both the resorbable and nonresorbable 

CaP (Figure 1). A dispersion o f nucleation sites is beneficial in providing continuous 

coatings on complex geometries and enhances the ease with which this technique can be 

applied.44 The augmented nucleation on the PMOD surface may be due to the phospho

rous on the substrate. The fact that more coating remained on the PMOD surface after
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sonication may be a result of phosphorous either creating more nucleation sites, enhanc

ing the chemical bond of CaP to the substrate, or a combination of the two.

These substrate treatment differences were no longer evident once the coatings 

attained complete coverage. The deposited coatings were indistinguishable by substrate 

treatment using XRD, XPS, SEM, EDS, and FTIR. Both treatments had high bond 

strengths for deposited coatings, values 2  to 60 times other published values, approaching 

the limit for the strength of the epoxy used for testing (70 MPa). The combination of the 

high measured strengths with the behavior in the ultrasonic bath led to the qualitative as

sessment that the ELD CaP coatings investigated were well bonded to the Ti surfaces re

gardless of substrate treatment.

Electrolytic Deposition Coating Method

A repeatable process was developed using ELD to coat CaP on Ti substrates. 

XRD, XPS, SEM and EDS and FTIR revealed consistent spectra and morphology for the 

coatings deposited using like conditions.

Resorbable Calcium Phosphate Coatings

Constant current electrolytic deposition in an acidic starting solution deposited a 

resorbable CaP coating composed of predominantly octacalcium phosphate (OCP) and 

hydroxylapatite (HA), as predicted by solubility isotherms for CaP . 15’18 XRD spectra 

were in good agreement with the ICDD files 26-1056 for OCP and 9-432 for HA. EDS 

values for the Ca to P ratio were between the stoichiometric values for OCP and FLA, 1.33
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and 1.67, respectively (NPAS = 1.46 ± 0.02, PMOD = 1.46 ± 0.03), farther supporting 

the presence of the two CaP phases.

The pH and pH changes are critical to the ELD process. The starting pH of the 

CaP electrolyte was 4.0 ±0.1 which changed to 7.5 ±0.1 at the end of the deposition.

The low pH favors the electro-reduction reaction of 2H+ ±2e"-> H2 due to the high activ

ity of the hydrogen ions.49 This reaction has two key effects as hydrogen ions are con

sumed: hydrogen gas is evolved, and the pH is increased at the cathode. The pH at the 

cathode controls the CaP deposition process and gradually increases the bath pH. As de

scribed earlier in the introduction of the dissertation, HA becomes the stable CaP phase 

as pH increases, illustrated in the solubility isotherms in Figure 2 . 15,18 Because the solu

tion was not buffered, the higher localized substrate pH increased overall pH in the bulk 

solution as well. As the pH increases, the Hf activity decreases, 49  and the dominant reac

tion at the cathode becomes reduction of water molec ules to hydrogen gas and hydroxyl 

groups.49 ' 51 These hydroxyl groups in turn can become involved in reactions at the cath

ode.49 ' 51 Some example reactions for electrochemical system using CaP electrolyte and Ti 

cathode are listed in Table 1.

TABLE 1. Reactions involving hydroxyl groups at the Ti cathode in a CaP electro
lyte.

With the acid phosphates in the solution: HPO42' ± (OH)' -> H20  ± P0 4 3

With the substrate surface:_____________ TiQ2 + 2 H2Q ± e~ -> Ti(OH) 3 ±(OH)~________
With the CaP ions in solution:__________ 10Ca2+ + 6 PQ43~ + 2(OH)' Caio(P0 4 )6 (OH)2

The increase in pH within the diffusion layer at the cathode permits the formation 

of stable CaP coatings from unsaturated sol utions. The Gibbs free energy was calculated
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for CaP using the starting bath conditions for the electrolyte used to deposit resorbable 

CaP.73 The electrolyte was not saturated to form any phase of CaP at the initial pH or mo

lar concentration. The change in the total CaP molar concentrations of the electrolyte at 

the end of deposition was negligible, enabling comparison of the pH versus Gibbs free 

energy. This is due to the large electrolyte volume relative to the coating amount. The 

plot of the Gibbs free energy of the starting molar concentrations at various pH values in 

Figure 3 shows that for the deposition of OCP and HA to occur, pH must increase, acting 

as the driving force for deposition and supporting the occurrence of the reactions de

scribed above.

Nonresorbable Calcium Phosphate Coatings 

The bath chemistry was altered by increasing the Ca to P molar ratio (Ca:P) to 

1.67 and having a neutral starting pH to deposit a nonresorbable CaP. Using the same 

constant current techniques employed previously produced discontinuous coatings and 

resulted in precipitate formation in the bath.

Application of a pulsed wave is often used in electroplating to improve dispersion 

of the deposited materials. 74 Using a symmetric square wave, pulsed deposition in the 

neutral CaP electrolyte produced continuous nonresorbable CaP coatings consisting pre

dominantly of HA. The starting pH of the solution was 6.1 ± 0.1 and increased to 6.9 ±

0.1 after deposition, due to the higher pH at the start, the HPO42' ions are converted to 

PO43', providing the ions for the reactions described in Table l . 49 ' 51

The “off period” of the pulse allowed the slower, larger PO43' ions to catch up 

with the faster, smaller Ca2+ ions at the cathode surface75 as well as to relax the diffusion
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layer and the associated pH and concentration gradients49 (Figure 4). This relaxation al

lows the cathode pH and ionic concentrations to approach those of the bulk electro

lyte. 44 ,76 This also explains why this system was unable to deposit a continuous HA coat

ing using the constant current. The increase in pH during constant current deposition was 

so great that no CaP phase was stable. Again, the change in molar concentration of the 

CaP electrolyte was negligible after coating deposition. Plotting the Gibbs free energy as 

a function o f pH at the initial Ca and P molar concentrations in Figure 5 shows that as the 

pH increases there are no stable phases of CaP. During constant current deposition, the 

optimal pH for HA deposition was reached in the diffusion layer, not at the cathode sur

face, causing precipitates to form in the diffusion layer and not on the surface.

XRD spectra were found to match with ICDD files 9-432 for HA and 5-682 for Ti 

and indicate the possibility of another CaP phase with a peak around 42° 2 theta CuKa, 

which did not match known CaP phases. EDS supported the finding of a CaP that was 

mostly HA having Ca to P ratio of 1.55 ± 0.10 for the ELD coatings, consistent with a 

calcium deficient apatite. Commercially available FIA powder (Fisher) was pressed into 

pellets and used for comparison to the ELD HA coatings. These pellets were found to be 

similar using XRD, EDS, and FTIR, further evidence that the nonresorbable ELD coat

ings were FLA.

Solubility in Earle’s Balanced Salt Solution

The resorbable ELD CaP released Ca and P into the Earle’s Balanced Salt Solu

tion (EBSS) over the 14 day incubation period. Coating loss was visible, and a change in 

the Ca:P occurred. The release of the Ca and P can be explained by the solubility iso-
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therm in Figure 2. While HA and OCP occur below the line for the EBSS concentration, 

indicating that they are stable in the environment, the likely presence of a metastable CaP 

would allow for the dissolution of the coating into the EBSS. The data collected using 

Inductively Coupled Plasma Spectroscopy indicated that, after the initial release of Ca 

and P into solution, a plateau was reached indicative o f a probable dynamic equilibrium.

The nonresorbable ELD HA coating did not release Ca or P into the EBSS. In

stead Ca and P were drawn out of solution and deposited on the ELD coatings, as well as 

on to the HA pellets used for comparison. Again referring to Figure 2, HA is thermody

namically stable in EBSS and can act as a seed site for CaP to form from solution. 18 

There were visible changes in the ELD HA coating morphology. This change also de

creased the crystallinity and weakened the ELD HA coating. XRD showed broadening of 

the peaks, indicative of lower ciystallinity. The bond strength did decrease for the coating 

post dissolution, but after 14 days, the bond strength was still comparable to, or exceeded, 

other published values (NPAS = 44 ± 21 MPa, PMOD = 38 ± 7 MPa). The comparable 

behavior of the ELD HA and HA pellets is encouraging for the use of ELD HA as a bio

compatible material.

Cell Culture

Human mesenchymal stem cells (MSC) spread on both the ELD HA and uncoated 

substrates in the presence of serum, regardless of substrate treatment; no cell spreading 

occurred on the surfaces without serum. MSC behavior on the ELD HA surfaces was 

comparable to that on the Ti. Cell spreading was seen in the first hour of incubation while 

cytoskeleton and stress fibers developed by the 24 h period. This behavior is similar to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



that seen in previous work using the same type of HA pellets that were used in this study 

as characterization comparisons. The HA pellets were found to adsorb more adhesion 

proteins, and, in turn bound more fibronectin, vitronectin, and osteoblast precursor ceils 

than metals. 72 The similarities between the ELD HA and HA pellets in terms of material 

characterization, behavior in biological saline, and behavior with MSC suggest that the 

ELD HA may show such favorable cell binding as well.
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NPAS R esorbab le C

PMOD N onresorb  CNPAS N onresorb  Ca

Figure 1. ELD coated surfaces after 2 minutes in ultrasonic bath of methanol. Coatings 
are still present on the Ti, but there are more nucleation sites on the PMOD surfaces.
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Figure 2. CaP solubility isotherms as applied to the systems used in this study. Negative 
log of the product of total molar calcium and phosphorous content plotted versus pH. 
Adapted from Johnsson. 18 Republished with the permission of the International and 
American Associations for Dental Research; permission conveyed through Copyright 
Clearance Center, Inc.
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Resorbable CaP stability
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Figure 3. Phase stability of the resorbable CaP electrolyte system (Ca and P molar con
centrations held constant, equal to 6.1 x 10'4 M).
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Figure 4. Schematic representing the reactions at the cathode surface during ELD of 
CaP.
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Nonresorbable CaP Stability
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Figures 5. Phase stability o f the nonresorbable CaP electrolyte system (Ca and P molar 
concentrations held constant, [Ca] = 1.0 x 10'4 M, [P] = 6.0 x 10'4 M).
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CONCLUSIONS

The specific aims for this research were met. In detail:

1. Electrodeposit a resorbable calcium phosphate coating on modified titanium sub

strates using constant current techniques and an unbuffered electrolyte.

a. Fabricate a CaP coating on Ti substrates with either NPAS or PMOD treat

ment.

b. Ascertain crystal structure and coverage.

c. Measure bond strength.

d. Quantify the amounts o f elements releasedfrom coating in a biological saline. 

A repeatable ELD process was developed to deposit a resorbable CaP that was pre

dominantly composed of octacalcium phosphate (OCP) and hydroxylapatite (HA). 

Although substrate treatment apparently affected the nucleation density, no other ef

fects on coating behavior were observed. Bond strengths for the ELD coatings were 

equal to, or exceeded, maximum values measurable with this method (69 MPa); this 

data in combination with coating presence after placement in an ultrasonic bath led to 

the qualitative assessment that coating bonded well to the substrates. Ca and P were 

released when placed in a biological saline.

2. Electrodeposit a nonresorbable coating on modified titanium substrates in an un

buffered CaP electrolyte.
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a. Fabricate a hydroxylapatite coating on Ti substrates with either NPAS or 

PMOD treatment.

b. Ascertain crystal structure and coverage.

c. Measure bond strength.

HA coatings were deposited using ELD by changing the starting pH, Ca to P ratio, 

and applied current. Due to pH and transport effects at the interface, it was necessary 

to use a square wave, rather than a constant current for deposition. Again, substrate 

treatment apparently affected the nucleation density, but did not alter any other coat

ing behavior. The ELD HA coatings were similar to bulk HA pellets using the charac

terization techniques of this study. Measured bond strengths for the ELD HA coating 

exceeded most published values that used similar testing methods. This data, in com

bination with the presence of the coating after ultrasonication, characterized the coat

ings as having good bond strengths.

3. Determine biocompatibility o f ELD HA coated samples compared to uncoated Ti sub

strates and sintered HA pellets.

a. Quantitatively compare the elements released by ELD HA and Ti to those re

leased by sintered HA pellets in a biological saline.

b. Characterize the properties o f  the surfaces post exposure to biological saline 

solution.

c. Compare the cell morphology o f osteoprogenitor cells on the different sur

faces.

It was found that the ELD HA was comparable to bulk HA pellets in terms of dissolu

tion behavior (i.e., additional CaP deposited from the biological saline with a less
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crystalline structure). ELD HA had similar results when exposed to MSC, as did HAS 

in earlier studies.

4. Demonstrate control o f  the electrolytic deposition system to deposit desired CaP 

coating

a. Develop an understanding o f the electrolytic deposition o f CaP using an un

buffered CaP containing electrolyte

b. Determine effects o f  adjusting pH, ion concentration, and applied current 

density on CaP deposition

c. Utilize thermodynamics, kinetics, and deposition parameters to optimize inter

face chemistry for desired CaP deposition

An understanding has been developed of the ELD system with this electrolyte 

through the use of solubility isotherms and Gibb’s free energy plots. The roles of pH, 

deposition current, and constant current/pulsed current were addressed.
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FUTURE WORK

Deposition of calcium phosphates using electrolytic deposition shows much 

promise for further research and clinical application. Several aspects merit further inves

tigation:

• Measure bond strength of the coating to the substrate using other techniques. 

There are other standard bond strength methods used by industry for biomedical 

implant coatings.

• Further optimize the pulsed deposition using the Gibb’s free energy of the system 

and transport analysis.

• Explore the possibility of deposition on more complex geometries as well as scal

ing the system up to deposit coatings on larger surface areas.

• Further compare the cellular behavior of the ELD HA compared to bulk HA, 

which is one more step toward establishing ELD calcium phosphate coatings as 

biocompatible materials.
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